Microarray analysis was used to identify changes in gene expression in corn leaves collected from plants at the V11-14 growth stage that resulted from competition with velvetleaf. The plants were grown in field plots under adequate N (addition of 220 kg N ha Ϫ1 ) and irrigation to minimize N and water stress. Consequently, only differences resulting from competition for micronutrients, light, and perhaps allelopathic stress were anticipated. Genes involved in carbon and nitrogen utilization, photosynthesis, growth and development, oxidative stress, signal transduction, responses to auxin and ethylene, and zinc transport were repressed in corn growing in competition with velvetleaf. Very few genes were induced because of competition with velvetleaf, and those that were provided little indication of the physiological response of corn. No differences were observed in genes responsive to water stress or sequestering/transporting micronutrients other than zinc, indicating that these stresses were not a major component of velvetleaf competition with corn at the developmental stage tested.
Weeds substantially reduce crop yield for a number of reasons. Yield loss caused by weed interference can be the result of reduced availability to the crop of one or more resources (such as light, water, and nutrients) necessary for optimum production. The reduced availability is assumed to be the result of preemptive use of the resource by the weed (Kropff and van Laar 1993; Zimdahl 2004) , and this competition has been shown to be overcome by the addition of water or fertilizer (Blackshaw et al. 2002; Tollenaar et al. 1994 ). In addition, weeds can negatively affect crop yield through the production of allelopathic chemicals that can interfere with specific physiological processes of the crop (Weston and Duke 2003) . Finally, there is substantial evidence that crop growth can be negatively altered by developmental signals induced by shade avoidance physiology when crops are grown in close proximity to weeds (Rajcan et al. 2004) . Evidence also suggests that weeds only affect crop growth and yield during early stages of growth and that late-emerging weeds have little or no effect on growth or yield (Clay et al. 2005b; Cousens 1985; Cousens et al. 1987) . However, because of the lack of tools to observe the global physiological status of crops grown in the presence of weeds, all previous studies have resorted to observing specific physiological responses or the use of crop growth and yield as gross indicators of the effect of weeds under varying field conditions. The availability of high-density microarrays for many crop species has opened the opportunity to determine expression levels of thousands of well-characterized genes simultaneously. The function of those genes that have different expression levels in the presence or absence of weeds can provide both expected and unexpected insight into many of the physiological processes affected by weed competition. Such information should prove useful to both modelers and breeders by highlighting various responses and genes that play a role in crop-weed interactions.
Velvetleaf is an introduced dicotyledenous weed that has large leaves, can grow up to 2.4 m tall, and is thought to release allelopathic chemicals (Colton and Einhellig 1980) . Velvetleaf competition has been shown to decrease corn grain yield from 0 to 80% depending on field conditions and weed density (Lindquist et al. 1998; Scholes et al. 1995; Werner et al. 2004 ). The interaction between velvetleaf and corn has served as a model for crop-weed competition in numerous studies (Lindquist 2001; McDonald et al. 2004; Sattin et al. 1992; Teasdale 1995) . A critical period of weed control has been observed in many crops-weed interactions, including corn and velvetleaf (Bryson 1990; Hall et al. 1992; Norsworthy and Oliviera 2004; Van Acker et al. 1993) . In corn, the critical period of weed control typically ranges from the three-to eight-leaf stage (V3-V8; Hall et al. 1992) . The bulk of the negative effects of competition and interference on corn yield occurs during this period. Weeds that emerge before and after this period, have a marginal effect on yield in comparison because weeds are either not competing with the crop (before) or weeds have emerged too late to affect yield of the over-towering crop significantly (after). The critical period and weed competition is not a static phenomenon and is influenced by many factors, such as nutrient status (Evans et al. 2003) , management factors (Norsworthy and Oliviera 2004) , and time of emergence (Bosnic and Swanton 1997) . Many of the factors that strongly influence the competitive outcome between crops and weeds (e.g., time of emergence and weed density) are well documented and have specific empirical functions associated with them (e.g., weed density effects on yield loss [Cousens 1985 ], relative time of weed emergence on yield loss [Cousens et al. 1987] ). Rajcan et al. (2004) have suggested a role for phytochrome in the process through which weeds can alter crop developmental patterns during the critical period of cropweed interaction. Reflected light from weeds alters the ratio of red to far red light (R/FR), inducing signaling processes mediated by phytochrome (Ballaré and Casal 2000; Ballaré et al. 1987 Ballaré et al. , 1990 ). The differences in R/FR induce morphological changes in crops associated with weed infestations because of shade avoidance responses, including alterations in leaf area index and shoot/root ratios (Samarakoon et al. 1990; Wong and Wilson 1980) . Shade avoidance responses affect numerous hormone signaling pathways that are similar to developmental changes observed in crop plants growing in the presence of weeds (Devlin et al. 2003; Pierik et al. 2004; Steindler et al. 1999; Tian and Reed 2001; Vandenbussche et al. 2003) . Some of these responses include alteration of photosynthetic activity and differences in auxin and ethylene signaling. With the use of macroarray analysis (similar to microarray analysis but with the use of larger quantities of target DNAs spotted onto membrane filters rather than glass slides), Fey et al. (2005) showed that gene expression in mouse-ear cress [Arabidopsis thaliana (L.) Heynh. ARBTH] changed almost immediately after exposure to a lower R/FR ratio. Phenotypic consequences of these changes were typically not immediately apparent. Although the phenotypic response of crop plants to weed interference and to variation in resource supply and R/FR has been well studied, how these factors actually affect plant metabolic and signaling pathways and bring about reduced crop yield or altered growth is poorly understood.
It is evident also that weeds can affect crop growth and yield later in the growing season. Subcanopy weeds can have an effect on crops during development. Studies by Clay et al. (2005a Clay et al. ( , 2006 and Bonifas and Lindquist (2006) indicated that detectable differences in nitrogen and potassium levels in mature leaves of late-season corn plants grown in the presence of weeds are unlikely to be the result solely of early influences of the weeds on crop growth and development.
Differences in the physiological state of the crops grown with or without weeds can be assessed by microarray analysis. Microarray analysis simultaneously assesses differences in expression of thousands of previously characterized genes after any given treatment. By examining the function of genes with expression patterns that are affected by a treatment, it is possible to identify the physiological processes or signaling pathways that are altered. If genes involved in a particular biochemical pathway are altered, then likely the treatment results in specific changes in that biochemical process. However, no previous papers have reported the use of microarrays to directly study crop-weed interactions. The objective of this study was to use microarray technology and nitrogen and carbon accumulation to determine whether physiological differences could be detected between corn grown under weed-free conditions or in competition with velvetleaf at a late vegetative stage of growth (when detectable differences were expected to be the most subtle). It is expected that information gained from these observations will test the hypothesis that velvetleaf has a continuous effect on corn growth and development past the critical stage and will be used to develop testable hypotheses concerning alterations of specific physiological functions or gene expression affected by weed competition.
Materials and Methods

Plant Material
Corn (DKC46-22) was grown in field plots at Aurora, SD, on a Brandt silty clay loam soil (fine-silty, mixed superactive, frigid Calcic Hapludoll). The sand, silt, and clay contents were 390, 383, and 226 g kg Ϫ1 , respectively, with pH 6.0 and an organic matter content of 35 g kg Ϫ1 . Corn was planted May 4, 2005 , at a population of 10 plants m Ϫ2 , and treatments were assigned in a randomized complete block design to plots of 18 m 2 . Velvetleaf was sown on the same day as corn in interrow areas about 20 cm from the crop row with a seed drill. Granular urea was broadcast at 224 kg N ha Ϫ1 after planting. Velvetleaf was hand-thinned to 8 plants m Ϫ2 after germination (first thinning occurred ϳ 15 d after planting) and maintained at this density for the duration of the season. Plots were 6 m long by four rows wide with a row spacing of 76 cm and four replicates per treatment. About 214 mm of natural rainfall was received between planting and sampling with an additional 38 mm of irrigation water applied on July 1. Exposure from the time of planting to sampling totaled 472 growing degree days (base 10 C), which was 12% greater than the 30-yr average.
Corn leaves were harvested on July 11 and 12, 2005. Corn plants in the velvetleaf-free treatment (control) were generally larger and developed more leaves than plants competing with velvetleaf. At this point, the corn plants had overtopped the velvetleaf (Figure 1 ). The top fully expanded leaf was collected from four randomly selected plants from each plot and pooled. The resulting material was immediately frozen in liquid nitrogen and stored at Ϫ80 C until RNA extraction. Samples were obtained from two replicates of velvetleaf-infested (W1 and W2) and two control (C1 and C2) plots between 2:00 and 3:00 P.M. on July 11, 2005, and a second set of replicates (W3, W4, C3, and C4) was collected the following morning between 9:00 and 10:00 A.M. It rained off and on the afternoon and night with a total rainfall accumulation of 8.4 mm between sampling times.
Corn ears along two 3-m-long sections of the center two rows of each plot were hand-harvested after physiological maturity (black layer) in October. After drying and shelling the ears, grain yield was estimated after correction to 15.5% water content.
Nitrogen Analysis
A sample of the same leaf tissue collected in July and used for microarray analysis was taken from each treatment, dried at 65 C, and ground to a fine flour texture in a cyclone-type mill. A subsample of the leaf tissue (ϳ 2.5 mg) was analyzed for total N and ␦ 15 N with an isotope ratio mass spectrometer 1 (Clay et al. 2005a ). In addition, soil samples, taken at planting, and urea fertilizer were characterized for ␦ 15 N. Samples were run in duplicate with at least 30% standards for calibration purposes.
The 
RNA Extraction and Microarray Analysis
Frozen plant material was ground to a fine powder in liquid nitrogen with a mortar and pestle. RNA was extracted from the resulting powder by the pine tree extraction method (Chang et al. 1993) . Labeled cDNA was prepared from 30 g of total RNA with the use of the Alexa Fluor cDNA labeling kit 2 according to manufacture's protocols. Labeled cDNA was hybridized to the 19,200-element SAM1.1 microarray chip for corn developed and distributed by Iowa State University 3 according to the manufacture's protocols. A partial rolling circle dye swap hybridization scheme (Churchill 2002 ) was used to compare gene expression between velvetleaf-free and velvetleaf-infested samples. Ten different two-dye hybridizations were performed that compared velvetleaf-infested vs. velvetleaf-free treatments. Five hybridizations directly compared samples collected on different days, and five compared samples collected on the same day. Chips were hybridized and washed following manufacture's protocols. Hybridization intensities (on the basis of florescence) for each probe (spotted clone) were visualized and quantified with an Affy 428 scanner 4 and Jaguar software. 4
Statistical Analysis of Microarray Data
As per standard methods of analyzing microarray results, the M value (measure of differential gene expression) and A value (measure of how strongly a given gene is expressed) were determined for each probe. The M value is calculated as the log 2 of the hybridization intensity ratios of velvetleafinfested over velvetleaf-free. The A value is calculated as the log 2 of the square root of the product of the hybridization intensity values from each probe. The hybridization intensity is determined by the level of fluorescence resulting from the excitation of the labeled cDNA that ''sticks'' to each DNA-containing probe. The resulting MA plots (M value by A value for each probe) were Loess-normalized by the GeneMath XT1 program 5 to produce a normalized M value for each gene. This procedure is done to remove differences that might be caused by differential labeling of the sample RNA as opposed to differential expression of individual genes. Because low-intensity probes are often difficult to interpret and are a major source of meaningless variation, expression ratios from these probes are customarily deleted from the data sets before analysis. Thus, probes with A values of less than one standard deviation over the mean for non-DNA-containing controls, as well as all probes that did not contain corn DNA, were deleted. Because 10 replicate hybridizations were done for each probe, if a given probe was deleted in three or more replicates, then the probe was considered unreliable and all data from that probe was deleted from further statistical analysis. The normalized ratios of hybridization intensities for all of the remaining probes were analyzed for statistical significance by the SAM 1.22 software 6 set for one class with 100 iterations to assign a Q value as an estimate of the false discovery rate for each gene.
To verify the results from the SAM analysis, an ANOVA approach was employed for each probe used in the SAM analysis only to determine a statistical probability associated with differential gene expressing in the control vs. weedy treatments. For each individual probe on the array, the log 2 fluorescence values that had been normalized for dye (i.e., the fluorescence of the control and the weedy treatments for each probe on each of the 10 arrays once the variation associated with the reporter dyes had been removed) were tested for normality, and a separate one-way ANOVA with two treatments (weedy n ϭ 10, control n ϭ 10) was conducted for each probe with the MIXED procedure of SAS (Littell et al. 1996) . In this analysis, treatment was considered a fixed effect, whereas variation associated with replicates of the array was removed by declaring array a random effect (Wolfinger et al. 2001 ). The probability (P value) of each of these individual F tests was reported and regressed against the Q value provided by the SAM analysis to compare the two approaches. In addition, the Bonferroni and the less conservative Bonferroni-Holm and Sidak-Holm step-down methods were used for familywise error correction of P values obtained from the Mixed Model ANOVA.
Results and Discussion
Effect of Velvetleaf on Growth
At the time of sampling, corn had overtopped the velvetleaf in the velvetleaf treatment ( Figure 1 ). Corn plants grown in the presence of velvetleaf were about 1.8 m tall and, on average, were at the V11 stage of growth. Corn plants grown in the velvetleaf-free treatment were more developed than plants grown with velvetleaf, as evidenced by plants that were both taller (about 2 m) and had more leaves (V14 stage of growth). Visual evaluation of plants in both treatments indicated that tassels had developed within the apical leaf sheath. Soil samples taken before fertilization were enriched in 15 N and averaged 3.5‰, whereas urea was a depleted 15 N source with a measured ␦ 15 N value of Ϫ1.45‰ (data not shown). The total nitrogen concentration of the top leaf of velvetleaf-free corn was greater than that of corn competing with velvetleaf (Table 1 ). The ␦ 15 N values of the sampled leaf tissue indicated that corn in both treatments took up a mixture of fertilizer-and soil-derived N, but the mixture differed (P ϭ 0.07) by treatment. The negative ␦ 15 N value of corn tissue from the velvetleaf-free treatment indicated that the main source of N was urea fertilizer. Corn competing with velvetleaf was more reliant, but not totally reliant, on soil-mineralized N, as indicated by a more positive ␦ 15 N.
Grain yield was 27% lower in corn growing with velvetleaf compared with velvetleaf-free corn (Table 1 ). The 3.4% yield loss per plant in this study is somewhat less than that observed in earlier corn-velvetleaf competition studies in South Dakota (Scholes et al. 1995) , in which reported incremental yield loss per velvetleaf plant was about 4.4%. These results indicate that in this single-year treatment, velvetleaf competition reduced corn growth rate, decreased total N and influenced the source of N in sampled leaf, and ultimately, decreased grain yield. However, the results provide no information on how velvetleaf affected corn at the molecular level.
Microarray Analyses of Gene Expression in Leaves of Velvetleaf-Infested and Velvetleaf-Free Corn
Microarray analysis is also referred to as ''global gene expression'' or ''transcriptome'' analysis. It is important to note that any given gene might or might not be considered differentially expressed depending on the samples being compared and the arbitrary cutoff of the statistical significance used. However, often multiple probes representing the same gene, groups of differentially expressed genes involved in particular physiological functions, or genes that are known to be regulated by particular signaling processes (sometimes referred to as functional analysis) are identified as differentially expressed among several independently replicated comparisons. Also, the probability of multiple probes representing the same gene falling into the statistically significant category by chance alone can be exceptionally small. When these functional clusters are observed, a picture of the physiological differences resulting from a particular treatment can be visualized that generally transcends minor environmental or statistical differences.
In these experiments, microarray analysis provided the relative expression levels of 19,200 probes (sometimes referred to as elements) on the corn microarrays. Of the 19,200 probes, ϳ 14,000 were considered informative and contained a single PCR product with interpretable sequence data. All other probes were blank or contained otherwise undesirable PCR products (weak or multiple bands). The informative DNA-containing probes represented ϳ 5,700 genes with BlastX hits to previously characterized genes (some of which were spotted more than once). The comparison of leaf material sampled from four replicated field plots of corn grown in the presence or absence of velvetleaf identified only 253 probes that were consistently differentially hybridizing (Q value [false discovery rate] of Ͻ 15%) and expressed at levels that provided confidence in the analysis (A values consistently Ͼ 1 SD more than background; Table 2 ). These probes represented about 188 different genes (or about 3% of the total number of informative probes) on the basis of the function derived from the top BlastX hit.
Combining the two different statistical approaches for determining significant differential gene expression (i.e., the permutation-based SAM analysis and the Mixed Models ANOVA) between the treatments averts some of the limitations inherent in either method and reduces the likelihood of false discovery of differentially expressed genes. Correct identification of differentially expressed genes is likely greater if they possess low Q values in combination with low t test probabilities compared with genes with low values for only one of these two statistical methods ( Table 2 ). The Pearson correlation coefficient between SAM-derived Q values and ANOVA-derived P values was 0.901 (data not shown) and indicated a high degree of similarity in the identification of significantly different expressed genes between these methods. Therefore, we base the discussion on differential gene expression identified with the use of SAM. This combination of statistical approaches negates the need for familywise error correction of P values because identification of significant genes was based primarily on SAM. It is important to note that familywise error correction of P values rendered all gene expression differences not significant. Therefore, with the use of P values alone for gene identification, a cutoff of P Յ 0.001 should be used (ϭ 17.8 false positive identifications by chance on average).
Of the 253 differentially hybridizing probes identified by the SAM method, 240 were down-regulated and 13 were up-regulated in corn growing in the presence of velvetleaf. Although the range in fold differences (absolute ratios in gene expression between treatments) was subtle, only about Ϫ1.7 to ϩ1.4 (Table 2 shows log 2 of the fold changes), the small differences could be reflective of minimal changes in gene expression in all of the leaf cells or greater differences within a subtype of the tissues sampled (i.e., vascular tissues, etc.). It is also possible that the subtle nature of the differences is the result of residual effects of competition early in development that are known to occur. This study represents data from a single time point chosen to make differences particularly challenging to identify. Indeed, the relatively mi-nor differences in the magnitude of gene expression differences is not surprising because morphological differences were not detectable between the leaf tissues from the two samples, and the leaves did not experience any obvious competition for light. Additional studies are clearly needed to determine whether more dramatic differences can be observed at earlier time points because it is also possible that the subtle nature of the differences is the result of residual effects of competition early in development that are known to occur. However, detectable differences in nitrogen levels are noteworthy in the leaf material from weedy and weedfree corn (Table 1) . Also, differences in groups of genes involved in carbon utilization, growth, nitrogen utilization, oxidative stress, protein catabolism and synthesis, signal transduction, and cell transport and communication are consistent. These observations are consistent with the hypothesis that weeds can affect multiple physiological processes well after the critical period of weed control.
Velvetleaf Competition Inhibited Genes Involved in Carbon Utilization and Photosynthesis
Assuming similar harvest index among treatments, total biomass at physiological maturity was about 26% greater in weed-free corn. Therefore, CO 2 assimilation was reduced by weed competition during the growing season. Microarray analysis indicated that genes involved in photosynthetic processes were clearly reduced in leaves collected in the late vegetative stage of corn. This is somewhat surprising because the corn had substantially overtopped the velvetleaf, and the sampled leaf material collected was from the top of the plant. Because no shading was taking place, and with previous studies indicating permanent effects of weeds on crops early in the growing season, it is tempting to speculate that velvetleaf competition early in development induced a permanent inhibition of photosynthesis. If this was the case, one possible and exciting possibility is that the shade avoidance response altered the chromatin structure in such as way as to alter the expression of these photosynthetic genes long after the weed was overtopped by the crop. Chromatin alterations (sometimes referred to as chromatin remodeling) involve the modification of histones that bind to the DNA and can stably alter expression of specific genes through numerous iterations of cell division (Reyes et al. 2002) . However, it is also possible that velvetleaf was simply responsible for the reduction of N (Table 1) or some other nutrient needed for normal photosynthetic capacity. Additional studies are needed to determine the mechanisms by which weeds inhibit the expression of, or permanently alter, photosynthetic genes.
Velvetleaf Competition Reduced Expression of Growth-Related Genes
The relatively lower level of expression in various histones and other genes involved in cell growth and division in corn competing with velvetleaf suggests that cell cycle activity was negatively influenced by competition. The relatively taller size of the weed-free corn is consistent with reduced cell division. The likely reduced rate of cell division in corn competing with velvetleaf suggests that competition inhibited leaf growth at the late developmental stage tested. However, no earlier time points were tested in these experiments.
The velvetleaf did not overtop the corn at any time because they were planted on the same date. Thus, it could be that the reduced negative effect of velvetleaf competition on growth was similar at both early and late time points.
Very few genes involved in cell division were observed to be differentially expressed in mouse-ear cress growing under low R/FR conditions at either early or late time points (Devlin et al. 2003) . Thus, it seems likely that the reduced cell division was due to some effect of velvetleaf on the corn other than shade avoidance. It is possible that the effect of velvetleaf on corn growth might be the result of allelopathic effects or deprivation of specific nutrients. However, it is also possible that the long-term inhibition of photosynthesis could be negatively affecting cell growth (and subsequent division).
Velvetleaf Competition Repressed Genes Responsive to Oxidative Stress
The repression of several genes known to be responsive to oxidative stress suggests that weed competition actually lowered the level of oxidative stress in corn. Oxidative stress is implicated in many physiological processes, including disease resistance, abiotic stress, and programmed cell death (Mittler 2002) . This result was surprising. One possible explanation is that the reduction in photosynthetic capacity results in fewer oxidative radicals. It is also possible that the velvetleaf actively repressed oxidative responses systemically in the crop. Evidence indicates that velvetleaf is allelopathic to other plants (Colton and Einhellig 1980; Sterling et al. 1987) . Negatively regulating the ability of the crop to respond to oxidative stresses would provide velvetleaf with a significant growth advantage over a crop. Again, further studies are needed to determine whether corn was simply experiencing less oxidative stress when in competition with velvetleaf or whether it had a reduced ability to respond to oxidative stress.
Velvetleaf Competition Repressed Genes Involved in Protein Synthesis and Metabolism
A number of the genes down-regulated in corn competing with velvetleaf were ubiquitin related or known chaperonins such as HSP70. These genes are known to be involved in protein degradation/stabilization processes. There was also reduced expression in numerous genes encoding proteins involved in protein synthesis, such as the translation elongation factors and ribosomal proteins. In addition, nitrogen utilization genes such as asparagine synthetase and nitrate reductase were similarly down-regulated. Why these genes would be down-regulated in corn grown in the presence of velvetleaf is not known. However, nitrogen content in corn grown in competition with velvetleaf was clearly reduced. It might be possible that mechanisms were in place to reduce protein turnover and synthesis when the crop is in a competitive environment.
Velvetleaf Competition Affected Genes Involved in Specific Signal Transduction Processes
Several auxin-regulated genes were also down-regulated by the presence of velvetleaf. Additionally, ubiquitin/ribosomal protein S27a was also down-regulated by velvetleaf compe-TABLE 2. Differentially expressed genes regulated by corn-velvetleaf interactions. The columns show the probe identification number for the array, the gene accession number of the expressed sequence tag for the spotted cDNA, the average normalized ratio of expression levels from 10 hybridizations, the relative probability that the gene is differentially expressed on the basis of t tests, the probability that the gene is a false positive, the putative function on the basis of the BlastX hit containing descriptive information, and the gene ontology designation. Gene functions marked with an asterisk (*) represent those cDNAs for which sequence data was too short or otherwise not noted in the GEO platform and thus had to be matched to contigs present in the TIGR maize database before BlastX analysis. The line segregates those genes that were preferentially expressed in the control plants (top) and those preferentially expressed in the plants grown in the presence of velvetleaf (bottom). tition. Analysis of expression data in mouse-ear cress from genes similar to the differentially expressed ubiquitin/ribosomal protein S27a suggests that this gene is regulated by auxin and possibly cytokinin (data not shown). Evidence also suggests that ubiquitin/ribosomal protein S27a might be regulated by various treatments that specifically affect cell division (Bassani et al. 2004) . Genes involved in ethylene signaling/responses were also down-regulated by velvetleaf competition (Table 2 ). Previous findings indicated that both auxin and ethylene signaling responses are altered by shade avoidance responses (Devlin et al. 2003; Pierik et al. 2004; Vandenbussche et al. 2003) . Because leaves sampled in this study were above the velvetleaf canopy, either the observed differences were maintained after the crop had escaped the shading effect of the weed or shading of the lower portions of the plant is capable of inducing systemic responses. On the basis of his observations, C. J. Swanton (personal communication) hypothesizes that many detrimental effects of weeds induced early in crop-weed interactions are permanent, even if the weeds subsequently are removed. Indeed, some observations suggest that weeds cause an irreversible reduction in yield early in development (Zimdahl 2004 ).
Gene Expression Induced by Velvetleaf Competition
It is significant that many fewer genes were induced by the presence of velvetleaf in the topmost leaf than those that were repressed. This suggests a very limited direct response of corn to deal with competition from velvetleaf. On the basis of recommendations of the producers of the corn microarrays (Iowa State University), the genes up-regulated by velvetleaf competition had no known functions on the basis of their sequence analysis. However, when the publicly available sequence data from the cDNAs that were spotted were used to identify longer expressed sequence tags from other databases, several genes were identified. Cinnamoyl-coenzyme A reductase is known to play a role in lignification and cell defense (Lacombe et al. 1997) . Additionally, the induction of mitochondrial ribosomal protein L5a might imply a possible alteration in posttranscriptional regulation of some ribosomal proteins, indicating a potential mechanism by which velvetleaf competition could alter gene expression in corn that might not be detectable at the transcriptional level.
A gene encoding a protein that interacts with the Wiskott-Aldrich syndrome protein was up-regulated. It is particularly interesting because a putative homologue of the Wiskott-Aldrich syndrome protein was down-regulated. Both of these genes are involved in growth and cytoskeletal reactions in animal systems (Symons et al. 1996) . This suggests that the Wiskott-Aldrich syndrome signaling system might be conserved in corn and that it is altered in velvetleaf competition responses. Given the function of these genes in regulation of growth in animals and the observations of growth perturbation in corn competing with velvetleaf, it is possible that these genes play a role in corn growth as well.
Unfortunately, too few genes are up-regulated to see any clear pattern of physiological processes being activated by velvetleaf competition. More information is needed on the function of the genes that are up-regulated by velvetleaf competition, and additional up-regulated genes are needed to develop a clearer picture of the direct effect of velvetleaf competition. Hopefully, future studies will provide a better characterization of the function of the other genes induced by velvetleaf competition.
Conclusions and Future Perspectives
These data indicate that changes in gene expression were observable in corn during late-season velvetleaf competition. These differences were observed in about 3% of the genes with BlastX hits despite that sampled leaves were not under direct competition for light, and corn was well past the critical period for weed effects and plants were sampled at different times and field locations. Significant clusters of genes involved in specific physiological processes were identified. Genes involved in carbon and nitrogen utilization and photosynthesis, cell growth and development, signal transduction, and oxidative stress were shown to be preferentially repressed in corn plants grown in competition with velvetleaf. Surprisingly, with the exception of a few genes involved in zinc transport that showed repression by velvetleaf, relatively few genes involved in micronutrient sequestration or accumulation were induced by velvetleaf competition. These data suggest that velvetleaf might not compete strongly with corn for micronutrients or phosphorous. However, ample evidence suggests that velvetleaf, even at this late developmental stage can negatively effect N levels and metabolic activity in the crop. However, additional experiments in which velvetleaf removal occurs before or just after the critical weed-free period will be required to determine when and whether these changes are caused by direct competition of the crop with velvetleaf or whether they are the result of chromatin remodeling or initial damage caused by exposure to weed competition.
The availability of microarrays for corn and other crops should open up the possibility to answer many of the fundamental questions concerning crop-weed interactions that have been intractable until now. For example, such data can be used for hypothesis generation and to design more specific experiments to study the physiological mechanisms of crop-weed interactions at the molecular level. Differential gene expression patterns could also be useful in discerning the relative importance of multiple resources for which crops compete. Such experiments should provide much-needed information to improve the competitive ability of crop genotypes. In addition, this information is needed to develop robust models of crop-weed interactions to better understand and predict the consequences of weed competition and interference. Such models will be invaluable tools for delineating critical weed-free periods, enhancing timing of weed control measures, and reducing interference of weeds in the crop by modifying management practices.
